Introduction
[2] Momentum transfer from the atmosphere to the sea, through wind stress, allows mixing in the surface layer but can also favor vertical advection through Ekman transport and Ekman pumping [Bakun, 1973; Tomczak and Godfrey, 1994; Stewart, 2002] . In Ekman transport, equatorward wind stress along a western coastline produces offshore mass transport due to the Earth's rotation. Poleward winds produce onshore transport. These transports can cause upwelling, bringing deeper nutrient-rich water upward, or downwelling, forcing surface coastal water downward to conserve mass [Pickett and Paduan, 2003] . In the Ekman pumping process, the wind stress curl causes divergence (convergence), which forces water upward (downward); this process corresponds to upwelling (downwelling) and a positive (negative) Ekman pumping velocity.
[3] Ekman transport directed toward the Gulf of Batabanó (western South Cuba) has been found to be important for lobster production (60% of the total national catch in Cuba) by attributing to the retention of larvae [Hernández and Piñeiro, 2003; Puga et al., 2005] . Relative high abundances of lobster larvae were also observed northeast of Yucatán Peninsula [Cruz et al., 1995] , however, whether the retention mechanism is owing to Ekman transport and/or pumping yet has not been investigated. In comparison, Ekman pumping governs coastal upwelling in the California upwelling system and is more important than Ekman transport in that region [Pickett and Paduan, 2003] .
[4] Chelton et al. [2004] analyzed the average divergence and wind stress curl of QuikSCAT satellite-borne winds on a global scale at 25 km horizontal resolution, emphasizing their role in the generation of downwelling and upwelling events, which are important processes in the dynamics, thermodynamics, and biology of the ocean's surface layer. Their study reveals an average negative wind stress curl (0-1 × 10 −7 N m −3 ) in most of the Yucatan basin but does not offer insight as to its variability on interannual time scales or less than 1 year. Amador et al. [2006] studied the average wind stress curl and monthly climatology described by da Silva et al. [1994] , showing that wind curl generates upwelling in the southern area of the Venezuela and Colombia basin and downwelling in the central and northeastern areas of the Caribbean Sea. Despite these studies, little is known about the behavior of wind effects in the Yucatan basin, especially in the synoptic frequency domain.
[5] This study aims to characterize the spatial and temporal variability of the wind regime and the role that Ekman transport and Ekman pumping play in vertical advection within the Yucatan-Caribbean Sea. Satellite-borne and in situ near-surface wind measurements are used to accomplish this goal. This investigation seeks to determine whether Ekman pumping or Ekman transport is the physical mechanism that dominates the region's total flow transport, and within what time scales these processes are observed. The contribution of tropical storms and hurricanes to total wind stress variance is also addressed.
[6] The results of this study are structured in sections. In section 2, the average conditions of near-surface winds and their oceanographic implications are described. Section 3 scrutinizes the seasonal behavior of near-surface winds and their oceanic implications. Section 4 addresses the input of Ekman transport and Ekman pumping to the total transport.
The synoptic scale features of wind variability are reviewed in section 5, and finally, the variability of near-surface winds are presented in section 6. [7] This study concentrates in the Western Caribbean Sea between 18°and 23°N and between 80°and 89°W (Figure 1 ). The region encompasses the Yucatan and Caiman basins, the continental shelf north of the Yucatan Peninsula, and the northern portion of the Meso-American reef system (off the coast of southeastern Mexico and northern Belize). The Yucatan basin has a maximum depth of 4,600 m, and the depths of the continental shelf north of the Yucatan Peninsula vary between 20 and 200 m. The Gulf of Batabanó, located south of western Cuba, represents a shallow shelf zone with an average depth of 6 m [Cerdeira-Estrada et al., 2008] .
Study Area
[8] The wind regime in the Caribbean is determined by the North Atlantic Subtropical High (NASH). Located between the Bermudas and the Azores, a high-air-pressure zone centered at around 30°N drives northeasterly trade winds on the southern side of its clockwise atmospheric circulation [Tomczak and Godfrey, 1994] . The winds over the Caribbean Sea vary owing to the northward migration of the Intertropical Convergence Zone (ITCZ) [Muñoz et al., 2008] , from its southernmost position in winter (over the Amazon basin, approximately the Equator) to its northernmost position in summer (Costa Rica-Nicaragua border, ∼11°N) [Poveda et al., 2006] . Once approaching the Caribbean Sea the northeasterly trades intensify forming the easterly Caribbean low-level jet (CLLJ) (between 12.5°-17.5°N and 70°-80°W) with wind speeds > 13 m s −1 at sea level pressures around 925 mb [Wang, 2007; Wang and Lee, 2007] . Caribbean winds are also influenced by cold fronts, extratropical low-pressure systems and the North American High (NAH) during the dry winter season and by easterly tropical waves, tropical storms, and hurricanes in the summer [González, 1999 , Wang, 2007 Serra et al., 2010] .
[9] The Yucatan basin is located inside of the Atlantic warm pool (AWP) [Wang and Lee, 2007 ], which appears during summer and early autumn with sea surface temperatures (SST) exceeding 28.5°C, and has a significant impact on tropical convection [Wang and Enfield, 2001] . The interaction of the AWP, the NASH, and the CLLJ in summer leads to a reduction of vertical wind shear in the troposphere, thus favoring the formation and intensification of hurricanes during August-October [Wang and Lee, 2007] .
Methods

Wind Data
[10] Near-surface wind data were obtained from SeaWinds scatterometers mounted on the QuikSCAT satellite, produced by the Jet Propulsion Laboratory and distributed by CERSAT (French ERS Processing and Archiving Facility). Daily gridded ocean wind vectors with a spatial resolution of 0.5°× 0.5°were downloaded from http://www. ifremer.fr. The root mean squared errors of wind velocity and direction were specified to be less than 1.9 m s −1 and 17°, respectively [Piolle and Bentamy, 2002] . The analysis of satellite wind covered the period from 20 July 1999 to 16 July 2008. The database contained six gaps of various lengths within the years 2001-2002, ranging from 1 to 23 days and totaling 31 days, which were excluded in the computation of the long-term means. The time series were shortened for the empirical orthogonal functions (EOF) analysis, starting from 25 May 2001 in order to exclude the largest gap of 23 days; shorter gaps of a few days were interpolated.
[11] In situ wind measurements from a coastal weather station located on the Yucatan Peninsula, Mexico (Cancun, [12] Daily averages were computed from the 10 min records of the Mexican weather station and the NOAA buoy. Long-term monthly means were computed from the data sets of both meteorological stations and contrasted with the corresponding QuikSCAT products for the closest grid point considering the same period of data coverage as obtained by the meteorological stations (Figure 2 ). Those data correlated well (0.84-0.91) for both wind components, exhibiting the same annual cycles. Both data sets revealed similar long-term monthly means with the exception of the zonal QuikSCAT wind component next to SAWS-Cancun, which underestimated in situ winds by 1 m s −1 . Nevertheless, the QuikSCAT wind product matched in situ wind measurements fairly well.
Derived Variables
[13] The components of the zonal (t u ) and meridional wind stress (t v ) were defined as follows:
where r a is air density (1.2 kg m −3 ), C d is a dimensionless drag coefficient, u and v are the zonal and meridional wind components, respectively, and U 10 is the magnitude of the wind vector 10 m above sea level.
[14] Taking into account that the average satellite wind speed in the zone was 6.5 m s , with an absolute maximum of 27.3 m s −1 , the drag coefficient was calculated using the formula proposed by Yelland and Taylor [1996] , in which the coefficient varies as a function of the wind velocity according to
[15] Ekman surface transport, M (m 2 s −1 ), was calculated for each grid point of the satellite wind field using the equation [Smith, 1968] 
where is the wind stress vector, r w is the water density (1025 kg m −3 ), and f is the Coriolis parameter. The depth of the surface Ekman layer, D E (in m), was calculated as by Pond and Pickard [1983] for latitudes (8) outside ±10°f rom the Equator
Ekman pumping velocity, W E (m 3 s −1 ), was calculated according to the following equation [Smith, 1968] :
where r × is the wind stress curl. The wind stress curl was derived by first-order cross differencing of the wind stress field, which implies that no curl computation was possible for the grid points nearest the coast. This drawback was overcome by applying cokriging in two dimensions to the wind stress curl, thus allowing extrapolation toward the coast [Marcotte, 1991] .
[16] To quantify the relative importance of Ekman pumping and transport in the region, Ekman pumping velocities were integrated up to ∼110 km off the coast along three transects located to the north and east of the Yucatan Peninsula, Mexico, and Pinos Island, Cuba (Figure 1 , shaded lines). The objective of this calculation was to obtain the vertical transport (m 2 s −1 ) for each selected transect and compare it with the Ekman transport obtained by (4) following the methodology proposed by Pickett and Paduan [2003] .
Data Analysis
[17] A standard empirical orthogonal function (EOF) analysis [Emery and Thomson, 1998; Kaihatu et al., 1998 ] was performed to determine the modes of variability that dominated the spatiotemporal behavior of the wind field in the Yucatan basin. First, a matrix was formed with 244 grid points. Each grid point, in turn had daily time series of zonal and meridional components of satellite winds from 25 May 2001 to 16 July 2008 (the period with continuous data coverage). Prior to computing the EOFs, the long-term mean and linear trend were removed. This method enables a more compact description of the spatiotemporal variability of wind such that the total variability can be grouped in empirical modes, with most of the variability appearing in the first mode.
[18] A Morlet wavelet was applied [Torrence and Compo, 1998 ] to several time series: the long-term daily means (1 January 2001 to 31 December 2005) of the zonal and meridional wind from the meteorological coastal station SAWS-Cancun; five time series of QuikSCAT winds located along 85.75°W; and to the time-dependent coefficients of the three modes resulting from real vector EOF analysis of QuikSCAT wind fields. This wavelet analysis allowed distinction of the time and duration of the dominant periods of the synoptic scale. Further, the horizontal distribution of the wind power spectrum within the study region could be assessed. In some cases, the wavelet spectra were used to calculate time-averaged spectra over the entire sampling period; these are referred to as the global wavelet spectrum [Torrence and Compo, 1998 ].
[19] Statistical moments (means and standard deviations) of mean, seasonal or monthly long-term means were always estimated employing daily values (QuikSCAT winds) or daily means (in situ winds). The periods these statistical moments were based on are given in the next chapter. The longest time series in use comprises 8 years of measurements which does not allow the computation of climatological means owing to a limited probability distribution. Nevertheless, we expect the seasonal cycle to appear in the long-term seasonal-monthly means or averages presented. [20] The dominant wind stress direction in the entire region was east-northeasterly ( Figure 3a ). The wind stress magnitude decreased from the southern boundary (0.08 Pa) of the region of study to the north (0.06 Pa). Major variability, based on the standard deviation of the wind stress magnitude, occurred north of the Caimán Islands (0.08 Pa) and east of Cancun (0.07 Pa) ( Figure 3b ). Nonetheless, the wind stress standard deviation in these areas was large, i.e., on the same order as the long-term mean wind stress magnitude in the whole study region.
[21] On average, Ekman pumping was predominately negative, with maximum albeit weak downwelling intensity (−0.12 m d Table 1 identifies each storm by number, name, and classification.
[22] Long-term average Ekman transport was directed toward the north-northeast, diminishing from the southern border of the study region (1.8 m 2 s −1 ) to the northern one (1.2 m 2 s −1 ), as expected from the wind stress pattern.
Consequently, the Ekman surface layer depth followed this trend, shoaling from 54 m in the south to 44 m in the north (Figure 3e ). The patterns of the standard deviations for both transport and surface layer depth matched those of wind stress owing to their close relationship (Figure 3f ). [23] To scrutinize the annual wind cycle, long-term means of seasonal wind stress, Ekman pumping and transport, and their standard deviations were analyzed. In general, the magnitude of the seasonal mean wind stress was greatest in fall (OND, about 90 × 10 −3 Pa, the regional basin average for this season) and decreased steadily in the following seasons to 80 × 10 −3 Pa (winter, JFM), 70 × 10 −3 Pa (spring, AMJ), and 50 × 10 −3 Pa (summer, JAS) (Figure 4 , left). The long-term monthly mean wind stress magnitude peaked in November, reaching 120 × 10 −3 Pa, whereas minimum values of 31 × 10 −3 Pa were typical for July ( Figure S1 ).
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A meridional gradient of wind stress, diminishing from south to north, was observed from January to September; the meridional gradients ranged from 2.0 to 2.6 × 10 −3 Pa per degree latitude. In contrast, the magnitude of the longterm seasonal mean of wind stress in fall diminished from the center of the basin (>100 × 10 −3 Pa) toward the north (6.1 × 10 −3 Pa per degree latitude) and south (3.4 × 10 −3 Pa per degree latitude). The long-term monthly mean for June was somewhat special, with maximum wind stress magnitudes (>90 × 10 −3 Pa) located in the southwest zone. The wind stress direction was primarily from the northeast in fall and winter and from the east in spring and summer.
[24] The lower than regional average wind stress magnitudes found east of Pinos Island were caused by this Cuban island's characteristic orographic barrier for trade winds crossing it from the northeast. Standard deviations of seasonal mean wind stress magnitudes were less than those calculated for the long-term means for winter and spring. The large standard deviations observed in the long-term mean wind stress magnitude (Figure 3b ) north of the Cayman Islands and east of Cancun were thus found to be associated with hurricanes passing through the region in summer and fall, respectively (Figure 4, right) .
[25] The results of Ekman pumping ( Figure 5 , left) matched the average conditions (Figure 3c ) during the first −1 between 18°and 21°N. Two zones stood out for being negative or positive throughout the entire seasonal cycle of Ekman pumping. The negative zone was located southwest of Cuba and the Yucatan Channel, and the positive zone was found on the northern Yucatan shelf. However, when applying long-term monthly means for January, July, and December, slight downward Ekman pumping could be observed in the latter region ( Figure S2 ). Moreover, south of Cuba and east of Pinos Island, Ekman pumping was close to zero.
[26] As in the long-term mean (Figure 3d ), the standard deviations of the seasonal means of Ekman pumping remained high (Figure 5, right) . The extremes observed in the long-term mean southeast and southwest of the study region only occurred in summer and fall, respectively. The sole factors responsible for these mean seasonal extremes were hurricane Iván (category V) in summer 2004 and hurricane Wilma (category IV) in fall 2005.
[27] The highest regional long-term seasonal mean Ekman transport and deepest Ekman layer depth ( [28] Ekman transport and pumping on seasonal time scales (Figures 5 and 6 ) showed favorable conditions for coastal upwelling north of the Yucatan Peninsula and for downwelling south of Cuba. In contrast, for the northern MesoAmerican reef system east of the Yucatan Peninsula, the Ekman transport direction was favorable for downwelling, whereas Ekman pumping favored upwelling in fall. This analysis does not allow determination of which of the two processes, Ekman transport or pumping, was dominant. This issue is addressed in section 4.3.
Total Transport Quantification
[29] In order to quantify the relative importance of Ekman pumping and transport and answer questions presented in section 4.2, both processes were compared in three transects within the study area (Figures 1 and 7) . The long-term daily mean (1 January to 31 December, 20 July 1999 to 16 July 2008) of total transport (Ekman pumping and transport) in the northern zone of the Yucatan Peninsula (black line in Figure 7a ) revealed positive, albeit variable, transport throughout the year (average 0.76 m 2 s −1 ). Ekman transport (blue line in Figure 7a ) was the process that contributed the most to total transport (95%), favoring the dominance of permanent coastal upwelling conditions (Table 2 ). This was most pronounced from the end of September to October.
[30] To the east of the Yucatan Peninsula (Figure 7b ), total transport was, on average, negative (−0.29 m 2 s −1 ), although highly variable, with Ekman transport again being the process that contributed the most to total transport (93.1%) ( Table 2 ). Negative Ekman transport (downwelling) was strongest from the middle of October to February and fluctuated around zero during the rest of the year. On the other hand, some days of positive total transport values, conditions that favor upwelling, were evident in March, April, June, July, September, and October (Figure 7b , grayshaded areas). The greatest positive value (2.93 m 2 s −1 ) appeared in October.
[31] The most negative average value of total Ekman transport (−1.08 m 2 s −1 ) was found south of Pinos Island, Cuba (Figure 7c ), where downwelling conditions prevailed during the entire period. These conditions were dominated by Ekman transport (91.6%), as compared to Ekman pump- ing (8.4%) ( Table 2) . As was the case off the eastern Yucatan Peninsula, downwelling was strongest from midOctober to February, although some days were found to have positive transport values in September (absolute maximum of 1.03 m 2 s −1 ), late October, and early November, indicating upwelling-favorable periods dominated by Ekman pumping. Table 2 shows the quantification of these processes in detail, underscoring their great variability to the east of the Yucatan Peninsula and south of Pinos Island, as evidenced by the highest standard deviations.
Synoptic Scale of Wind Variability
[32] The large standard deviations associated with the longterm seasonal mean of wind stress motivated the wavelet analysis of long-term daily mean (1 January to 31 December) near-surface winds along the 85.75°W meridian based on QuikSCAT products and the SAWS Cancun meteorological station (Figure 1) . The wavelet analysis along the selected meridian identified geographic differences in the frequency distribution of wind energy throughout the year. Periods with significant power ranged from 2 to 16 days for both wind components, although such periods were detected mainly in fall and winter, leaving spring and summer almost free from synoptic scale activities (Figure 8 ). Synoptic scale events were noticeable in zonal wind directions for the most part at the end of the year and, to a lesser extent, at the beginning of the year (Figure 8, left) . In the meridional wind direction, on the other hand, the occurrence of power during the year was reversed, and magnitude of power was less (Figure 8, right) . Synoptic wind energy decreased from north to south for both components.
Variability of Near-Surface Winds (25 May 2001 to 16 July 2008)
[33] Variability of near-surface winds in the study area was addressed by means of real vector EOF analysis to daily data. The first three empirical modes with variances superior to 2.5% of the total variance were considered to be statistically significant according to Overland and Preisendorfer [1982] . The results of the first three empirical modes indicated that the first mode explained 46.3%, the second mode 27.7%, and the third mode 6.4% of the variability.
[34] The spatial structure of mode 1 (Figure 9a ) showed a south-southwesterly wind field for positive time-dependent coefficients, i.e., mainly in spring and summer, and a wind field rotated by 180°, with north-northeasterly winds, mainly for fall and winter (Figure 9b ). Southerly winds were produced either by extratropical low-pressure systems in winter, e.g., 27 February 2005 (Figure 10a ), or easterly tropical waves in summer. Northerly winds were related to continental cold front systems, e.g., 10 March 2005 (Figure 10b ).
The time-dependent coefficients for mode 1 (Figure 9b , gray line) showed greater variability and amplitude at the end and beginning of each year. Periods of prolonged positive or negative amplitudes were deduced from the low-passfiltered (with a low-pass filter with a 30 day cutoff period) time-dependent coefficients (Figure 9b, black line) . The timedependent coefficients were mostly negative during fall and early winter and reversed to positive values during the rest of the year; changes of sign were much more frequent during the transition periods between both phases, especially from late winter to spring. The modulation of the time coefficients indicated annual variability with oscilla- (Figures 9a-9c) , mode 2 (Figures 9d-9f) , and mode 3 (Figures 9g-9i) . tions between spring and fall. A wavelet analysis was applied to the time series of coefficients used to compute a global spectrum. The spectral energy showed only one dominant (above the 95% significance level) peak, which occurred around the yearly period (Figure 9c ), thus confirming the annual character of mode 1.
[35] The spatial structure of mode 2 (Figure 9d ), depicted a mainly zonal wind pattern with westerlies (easterlies) for positive (negative) time-dependent coefficients, i.e., mostly in summer (fall) (Figure 9e ). Westerly winds were related to low-pressure systems, e.g., 7 October 2005 (Figure 10c ) and easterly winds to migratory high-pressure systems, e.g., 5 April 2005 (Figure 10d ). Time-dependent coefficients of mode 2 (Figure 9e , gray line) also presented larger amplitudes and higher variability in fall and winter. The time-dependent coefficients were most of the time negative during fall and early winter and reversed to positive values during the rest of the year. In the semiannual frequency domain of the global wavelet spectrum of the time coefficients no significant peak above the 95% significance level was identified (Figure 9f ). Nevertheless, when time averaging the wavelet spectra for only the 2004-2005 period, significant semiannual and annual peaks were detected (one each) that did not occur in other years. Significant energy, however, appeared in the global wavelet spectrum on the synoptic time scale in the band of 2-10 days.
[36] The spatial structure of the eigenvectors depicted clear cyclonic circulation (the positive part of mode 3) with the center of rotation located in the Yucatan basin (Figures 9g, 10e, and 10f) . Time coefficients of mode 3 were characterized by a series of extreme amplitudes and general bimodal behavior (Figure 9h ). The frequency content of the global wavelet spectrum of the time coefficients confirmed significant contributions on the annual and semiannual time scales (Figure 9i ). Semiannual maxima were recorded during the first and second semester, with the latter period being far more energetic (Figure 9h ).
Discussion
Temporal Variability of Wind
[37] Based on the EOF results for the wind fields in the study area and the wavelet analysis of long-term daily mean (1 January to 31 December) winds (Figures 4 and 9) , the wind regime in the northwest region of the Caribbean Sea was dominated by annual (EOF modes 1 and 3), semiannual (EOF mode 3), and synoptic time scales (EOF mode 2 and wavelet analysis).
[38] Variations in the annual scale can be partly attributed to the general seasonal behavior of the northeasterly trade winds. These are strongest when the NASH together with the ITCZ are close to their southernmost position (from December to March) [Amador et al., 2006] . Such positions cause pronounced sea surface pressure gradients between the Azores high-and the low-pressure zone over the eastern equatorial Pacific [Wang, 2007] . When this occurs, winds in the Yucatan basin also are strong and blow from the northeast (Figures 4 and S1 ). These northeasterly winds during winter are also sustained, especially in the northern Caribbean, by the developing of the NAH whose isobars then connect with those of the NASH [Wang, 2007] .
[39] Once the ITCZ moves to its northernmost position in summer, the sea surface pressure gradient between the NASH and the low-pressure zone over Central America is lowest [Poveda et al., 2006] , forcing the trade winds in the Yucatan basin to be more zonal and weaker. This coincides with the onset of the AWP surrounding Cuba. An increase in SST is linked to a decrease in wind speed which in return diminishes latent heat flux and further increases SST, as shown by Wang and Enfield [2001] for the tropical North Atlantic. Thus the AWP contributes to the weak winds observed in the Yucatan basin in summer. Downward Ekman pumping, although weak, predominates in this period and contributes to maintain the warm condition (Figures 5  and S2 ). The observed meridional gradients in wind speed (south to north from January to September) can be attributed to the distance of local winds from the ITCZ in the south, with stronger trade winds closer to the ITCZ. Winds over the Yucatan basin are generally weaker than in the southern Caribbean Sea, except for November.
[40] Exceptional relative stronger winds during the calmer spring-summer period were observed in the southern Yucatan basin in June ( Figure S1 ), which cannot be directly related to the meridional migration of the ITCZ. These winds are most likely associated with the semiannually (February and July) strengthening CLLJ occurring over the Colombia basin [Muñoz et al., 2008] , and show well in mode 2 of the EOF wind analysis. The CLLJ bifurcates in the western region of the Caribbean Sea into a southeasterly and a northeasterly branch with the former one being stronger in summer extending up to the Gulf States of the United States and thus impacting the Yucatan basin. The CLLJ then also is responsible to deepen the Ekman layer depths in June by 5 m and northward Ekman transport by 0.5 m 2 s −1
( Figure S3 ).
[41] The strongest winds over the Yucatan basin were observed in November just before the intensification of winds due to the southward migration of the ITCZ. We hypothesize that while SST declines in November and the AWP dies away (SST < 28.5°C), the near sea surface atmosphere cools and horizontal pressure gradients increase thus contributing to stronger winds and enhanced latent heat flux which in turn accelerates SST cooling and favors a deepening of the mixed layer depth ( Figure S4 ). This suggests a strong atmosphere-ocean coupling in the Yucatan basin.
[42] The bimodal behavior apparent on the semiannual scale of EOF mode 3 (Figure 9h ) is related to meteorological events that move from south to north through the study region. The first period (spring) of maximum positive amplitude in the time coefficients coincided with the movement of the ITCZ toward the north and the passing of easterly tropical waves and extratropical low-pressure systems [Amador et al., 2006] . The second period (fall), which by far exceeded the energy level of the first period, corresponded to the season of highest frequency and intensity of tropical storms and hurricanes in the North Atlantic. Both the spatial pattern of EOF mode 3 and the period of maximum positive time coefficient amplitudes, namely, late summer to early fall, linked mode 3 to hurricanes and tropical storms. In the northern hemisphere, tropical cyclone surface winds rotate counterclockwise and are known to pass through this region in summer to early fall. A total of six tropical storms and eight hurricanes were identified as pass-ing through in the time coefficients (Figure 9h ). The bimodal behavior was depressed in 2003 and 2006 (Figure 9h , lowpass-filtered time coefficients), corresponding to a reduced record of storms in those years, coinciding with moderate El Niño phases. Tropical cyclone activity is well known to be negatively correlated to ENSO [Vitart and Anderson, 2001; Tang and Neelin, 2004; McPhaden, 2008] . The 2004 hurricane period coincided with a weak El Niño phase and only Hurricane Ivan passed through the study area.
[43] Poveda et al., [2006] also found a similar bimodal behavior to be associated with the movement of the ITCZ in the precipitation regime of the tropical Andes of Colombia. The number of tropical storms formed in the Caribbean Sea also demonstrates a bimodal distribution with peaks in June and October based on a climatological analysis that covered a period of 113 years [Inoue et al., 2002] . We attribute the lack of the June peak in our results to the short length of the time series analyzed (∼10 years).
[44] Madden-Julian or tropical intraseasonal oscillations (MJO) with periods between 30 and 60 days were expected to be present in the QuikSCAT wind data [e.g., Madden and Julian, 1994] . The global spectrum of the time-dependent coefficients of mode 1 detected a peak around a period of 50 days, however, under the 95% significance level (Figure 9c ) which most likely was associated with MJO. These tropical intraseasonal oscillations modulate the activity of hurricanes and tropical storms in the Gulf of Mexico and the Caribbean Sea depending on the direction of MJO wind anomalies [Maloney and Hartmann, 2000] . Tropical storms are most likely in the Atlantic when convection associated with tropical intraseasonal oscillation is suppressed in the Pacific and enhanced in the Indian [Mo, 2000] . Three hurricanes and two tropical storms were registered during the 2005 hurricane season in the Yucatan basin when the pentad MJO index was mainly >1, but only one tropical storm occurred in 2003 when the index was ∼0 (pentad MJO index obtained from http://www.cpc.noaa.gov/ products/precip/CWlink/daily_mjo_index/pentad.html).
[45] The greatest spectral power in synoptic variability (1-16 days) was detected in fall and winter (Figure 8 ). The main contributors were cold front systems originating over the North American continent, passing through the Gulf of Mexico, and entering the Yucatan basin [González, 1999] . The northern origin is evidenced by a decrease in power from north to south. On average, 18-19 cold front systems were reported annually from 1999 to 2008, out of a total of 184 in the whole period (Table 1) . Cold front systems are associated with a low-pressure system that moves from the west of the Gulf of Mexico or from the southeastern United States through the Gulf of Mexico in eastward directions. These cold front systems involve a major change in meridional wind directions, but zonal directions, as well, and are related to periods of 2 to 16 days. Subsynoptic scale cold fronts are occasionally observed, too, associated with a major change in the meridional wind component only [FernandezPartagas and Mooers, 1975] .
[46] Synoptic scale wind variability is further attributed to extratropical low-pressure systems (Figure 10a ), low-pressure systems (Figure 10c) , and migratory high-pressure systems (Figure 10d ). Tropical waves significantly contribute to synoptic variability, mainly in fall.
Ekman Transport and Ekman Pumping Quantification
[47] The total transport offshore from the southern coasts of Cuba and the shelves east and north of the Yucatan Peninsula ( Figure 7) were dominated by Ekman transport (93%), whereas Ekman pumping contributed only 7%. Even though the wind stress curl was always positive on the northern shelf of the Yucatan Peninsula on annual and seasonal scales (producing upwelling-favorable Ekman pumping), the magnitude of the latter scale surpassed the low intensity of the wind stress curl. Over the northern Yucatan shelf, Ekman transport dominated the total transport, facilitating the permanence of the coastal upwelling process during the whole year. Zavala-Hidalgo et al. [2006] reported colder surface waters for this area only in summer, and this evidence of coastal upwelling partly contradicts our analysis for the rest of the year. Perhaps the cold front systems mix the entire water column over the shelf in fall and winter. The upwelling dynamics of the northern Yucatan shelf are the opposite to those of the California upwelling process [Pickett and Paduan, 2003 ] and the continental shelf of Cabo Frio, Brazil [Castelao and Barth, 2006] , where Ekman pumping (rather than Ekman transport) was found to dominate the upwelling of waters.
[48] In the Yucatan basin, favorable conditions for downwelling dominated and Ekman transport was again, on an annual scale, the process that contributed the most (92%) to the total. However, there were days when the total Ekman transport favored upwelling, with Ekman pumping dominating in almost all cases. In three periods (Figure 7) , in the months of September, October, and November, Ekman pumping clearly stood out. These situations reflected the passing of tropical storms and hurricanes through the Yucatan basin, producing upwelling along their tracks (Table 1) . Gierach and Subrahmanyam [2008] confirmed that, as hurricanes Rita, Katrina, and Wilma passed through the Gulf of Mexico, the areas where Ekman pumping induced maximum upwelling coincided with those at which surface cooling and increased chlorophyll a were recorded in the days following the storms.
Conclusion
[49] The annual cycle of surface wind stress over the Yucatan basin revealed different features than the Caribbean wind regime. On average, wind stress was weaker in the Yucatan basin than in the Caribbean. A relative wind stress maximum was observed in the Yucatan basin in June influenced by the southeasterly branch of the CLLJ, while strongest wind stress occurred during November; in the Caribbean winds peak in February and July. The November wind maximum seems to be related to horizontal pressure gradients between the northwest Caribbean and the southern Gulf of Mexico forced by SST differences created by the collapse of the AWP. This feature provides a new evidence of the importance of local atmosphere-ocean coupling that needs further investigation.
[50] Synoptic scale variability was detected during fall and winter, leaving spring and summer almost free from these activities. The zonal wind directions were more energetic at the end of the year largely due to the influence of cold fronts systems, while the meridional winds were noticeable at the beginning of the year but with less energy.
[51] Ekman transport was the process that favored coastal upwelling on the northern shelf of the Yucatan Peninsula on annual and seasonal scales. Ekman pumping also contributed to this process, although in a less significant manner. For these time scales, Ekman transport was also the process that favored downwelling in the southwest region of Cuba. The direction of Ekman transport toward the coast of Cuba and to the east of the Yucatan Peninsula should favor the retention of crustacean eggs and larvae that are born and develop in the waters of the Yucatan basin and are later recruited over the Gulf of Batabanó shelf and in the reef system of the Meso-American region. Recruitment occurs from September to November [Alfonso et al., 2000] , when onshore Ekman transport is strongest.
[52] Furthermore, the study of transport on a daily time scale allowed quantification of the contribution and importance of Ekman pumping during synoptic events, especially extreme events (tropical storms and hurricanes), which contribute 7% of the variance in the total wind field. This process favors the vertical advection of nutrients, enabling increased primary production for the sustenance of marine life in the region. However, the dispersion and mortality caused by these extreme events during their passing is a subject that should be studied further.
